Leptin is a permissive factor for puberty initiation, participating as a metabolic cue in the activation of the kisspeptin (Kiss1)-gonadotropin-releasing hormone neuronal circuitry; however, it has no direct effect on Kiss1 neurons. Leptin acts on hypothalamic cocaine-and amphetamine-regulated transcript (CART) neurons, participating in the regulation of energy homeostasis. We investigated the influence of a short-term high-fat diet (HFD) on the effect of leptin on puberty timing. Kiss1-hrGFP female mice received a HFD or regular diet (RD) after weaning at postnatal day (PN)21 and were studied at PN28 and PN32. The HFD increased body weight and plasma leptin concentrations and decreased the age at vaginal opening (HFD, 32 6 0.53 days; RD, 38 6 0.67 days). Similar colocalization of neurokinin B and dynorphin in Kiss1-hrGFP neurons of the arcuate nucleus (ARC) was observed between the HFD and RD groups. The HFD increased CART expression in the ARC and Kiss1 messenger RNA expression in the anteroventral periventricular (AVPV)/anterior periventricular (Pe). The HFD also increased the number of ARC CART neurons expressing leptin-induced phosphorylated STAT3 (signal transducer and activator of transcription 3) at PN32. Close apposition of CART fibers to Kiss1-hrGFP neurons was observed in the ARC of both RD-and HFD-fed mice. In conclusion, these data reinforce the notion that a HFD increases kisspeptin expression in the AVPV/ Pe and advances puberty initiation. Furthermore, we have demonstrated that the HFD-induced earlier puberty is associated with an increase in CART expression in the ARC. Therefore, these data indicate that CART neurons in the ARC can mediate the effect of leptin on Kiss1 neurons in early puberty induced by a HFD. (Endocrinology 158: 3929-3942, 2017) P uberty onset is initiated by reactivation of gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus. Early onset of puberty has been associated with childhood obesity in girls, indicating the influence of body fat on the timing of puberty. In prepubertal rodents, short-term exposure to a high-fat diet (HFD), initiated after weaning, precipitates puberty, observed as early vaginal opening (VO) and first estrous, which are both markers of pubertal maturation in rodents (1-3). These findings indicate that adiposityrelated signals are crucial players in puberty onset (4, 5) . Among these signals, leptin has been identified as an important permissive factor for puberty initiation. Leptin is a hormone produced and secreted by white adipose tissue (6); this hormone informs the brain of the adipose tissue content to regulate food intake and energy expenditure (7, 8) . Leptin acts in the arcuate nucleus (ARC) of the hypothalamus by stimulating proopiomelanocortin (POMC)/cocaine-and amphetamineregulated transcript (CART) neurons, which inhibit food intake and increase energy metabolism, and by inhibiting NPY/AgRP neurons, which increase food intake (9, 10).
Mutations in the leptin and leptin receptor (Lepr) genes, not only promote obesity and overeating, but also induce infertility and incomplete reproductive organ development in mice (6, 11) . Leptin treatment in leptin-deficient mice (ob/ob) can result in puberty onset and reproductive maturation (12, 13) . These data show the stimulatory effect of leptin on the neuroendocrine reproductive axis and its permissive role in puberty onset (14, 15) .
Kisspeptin is encoded by the Kiss1 gene (16) in rodents and represents the most potent GnRH secretagogue discovered to date (17) (18) (19) . Mutations in the kisspeptin gene and its receptor (GPR54) lead to hypogonadotropic hypogonadism in humans and mice (20, 21) . In the central nervous system, the Kiss1 gene is highly expressed in the ARC, anteroventral periventricular (AVPV) and anterior periventricular (Pe) regions. A subpopulation of Kiss1 neurons in the ARC, termed KNDy neurons, coexpresses neurokinin B (NKB) and dynorphin A (DYN). These neuropeptides exert a self-regulatory effect on kisspeptin secretion (22, 23) .
The direct effect of leptin on Kiss1 neurons has been postulated by several groups (24, 25) . However, Louis et al. (26) demonstrated the lack of colocalization of LepR in AVPV Kiss1 neurons and the low percentage (5% to 6%) of ARC Kiss1 neurons expressing leptininduced signal transducer and activator of transcription 3 (STAT3) phosphorylation in mice. A similar result was reported by True et al. (27) for the ARC Kiss1 neurons in rats, indicating that leptin acts indirectly on Kiss1 neurons. Moreover, reinforcing this concept, Donato et al. (28) showed that the selective deletion of Lepr in Kiss1 neurons did not affect puberty or the fertility of male and female mice, showing that direct action of leptin in Kiss1 neurons is not required for sexual maturation.
Recent studies have shown that the melanocortin system plays an important role in relaying leptin signals to Kiss1 neurons (29) . In contrast, AgRP neurons appear to inhibit Kiss1 neurons through g-aminobutyric acid release (30) . The inhibitory effect of leptin on AgRP neurons was shown to be sufficient to promote puberty onset (31) . The indirect effect of leptin on Kiss1 neurons in the reproductive axis can be mediated by CART expression in the hypothalamus (32) (33) (34) (35) (36) . In rats, CART neurons from the ARC and ventral premammillary nucleus send projections to areas containing GnRH neurons (the median preoptic nucleus, medial preoptic nucleus, and around the vascular organ of the lamina terminalis) and Kiss1 neurons in the ARC and AVPV (35, 36) . To further address the role of leptin in female sexual maturity, in the present study, we investigated CART and KNDy neuropeptide expression in a model of short-term HFD and puberty timing in mice.
Methods

Animals, genotyping, and diets
The Kiss1-hrGFP mouse model was generated and validated in previous studies (37) . In brief, this model expresses hrGFP driven by Kiss1 regulatory elements. Oligonucleotide primers were used to genotype the mice and select those harboring the Kiss1-hrGFP transgene. The following primers were used for genotyping: M358: 5 0 -GCTCTGGTGAAGTACGAACTCTGA-3 0 ; M243: 5 0 -AGGTGCGGTTGCCGTACTGGA-3 0 ; M176: 5 0 -GGTCAGCCTAATTAGCTCTGTCAT-3 0 and M117: 5 0 -GAT-#9;CTCCAGCTCCTCCTCTGTCT-3 0 . Pregnant Kiss1-hrGFP female mice were housed under controlled temperatures (23°C 6 2°C) with 12-hour light/dark cycles (lights on at 6:00 AM) and were supplied with food and water ad libitum. The litters were adjusted to six to seven pups on postnatal day (PN)1 to standardize competition for food and maternal attention. The female mice were genotyped on PN14 to select the mice for the experiment. The litters were weaned at PN21 and housed in pairs. The female pups in each litter were randomly assigned to either a HFD (5.24 kcal/g; 60% kcal fat, 20% kcal protein, and 20% kcal carbohydrate; D12492; Research Diets Inc., New Brunswick, NJ) or a regular diet (RD) (3.85 kcal/g; 10% kcal fat, 20% kcal protein, and 70% kcal carbohydrate). All animal protocols were performed in accordance with the recommendations from the ethical committee for animal use of Ribeirao Preto Medical School, University of São Paulo.
Experimental protocols
Experiment 1: effects of an HFD on body weight gain, food intake, and puberty onset
The female mice were monitored daily for VO from PN25 onward. Vaginal smears from mice with VO were examined daily, and the day of first estrous and the onset of estrous cyclicity were determined as described by Nelson et al. (38) until PN63. Body weight and food intake were determined weekly between 8:00 AM and 10:00 AM.
Experiment 2: effects of a short-term HFD on plasma leptin concentrations
The female mice fed a HFD and control mice were decapitated on PN28 or PN32 to collect blood samples between 10:00 AM and 12:00 AM. The collected trunk blood was centrifuged at 3000 rpm for 30 minutes at 4°C, and the plasma was stored at 220°C. The plasma leptin levels were measured using a commercial enzyme-linked immunosorbent assay kit (Millipore, Darmstadt, Germany).
Experiment 3: effects of a short-term HFD on leptin-induced phosphorylation of STAT3 in Kiss1-GFP and CART neurons during pubertal transition Kiss1-hrGFP female mice at PN32 were randomly assigned to four different groups: group 1, control diet plus saline; group 2, control diet plus leptin; group 3, HFD plus saline; and group 4, HFD plus leptin. On the day of the experiment, food was withdrawn at 04:00 PM. One hour later, at 05:00 PM, the female mice received an intraperitoneal injection of vehicle (100 mL of saline) or leptin (0.5 mg/kg, 100 mL; Calbiochem, San Diego, CA). Forty-five minutes later, the mice were anesthetized with ketamine (45 mg/kg body weight) and xylazine (5 mg/kg body weight) and perfused transcardially with cold saline and 4% paraformaldehyde. The brains were carefully removed, postfixed in 4% paraformaldehyde for 1 hour, and cryoprotected in 30% sucrose. The brains were then cut into 30-mm coronal sections in a cryostat, and free-floating sections were stored in cryoprotectant at 220°C. Serial brain sections from the mice treated with vehicle or leptin were used for phosphorylated STAT3 (p-STAT3) staining. Expression of NKB and DYN in Kiss1-hrGFP neurons in the ARC was verified in the brain sections only from the mice treated with vehicle.
Experiment 4: effect of a short-term HFD on Kiss1, Tac2, Pdyn, and Cartpt expression after leptin stimulation in female mice during pubertal transition
Another set of female mice at PN32 were randomly assigned to four different groups: group 1, RD plus saline; group 2, RD plus leptin; group 3, HFD plus saline; and group 4, HFD plus leptin. On the day of the experiment, female mice received an intraperitoneal injection of vehicle (100 mL of saline) or leptin (0.5 mg/kg, 100 mL) at 05:00 PM. After 2 hours, the mice were decapitated for evaluation of expression levels of Kiss1, Cartpt, Pomc, Tac2, and Pdyn messenger RNA (mRNA) in the hypothalamic AVPV/Pe and ARC. The brains were removed, snap frozen on dry ice, and stored at 280°C for later sectioning.
Histological sections
Coronal sections (30-mm thick) from the medial preoptic area to the end of the ARC of perfused Kiss1-hrGFP females were obtained with a cryostat (CM1850 model; Leica) according to the coordinates of the atlas (39), from 20.74 mm to up to 22.8 mm in relation to the bregma, and kept at 220°C in antifreezing solution at 220°C. Every fourth section was used for immunostaining for p-STAT3, CART, NKB, and DYN, as detailed in the next section.
Immunofluorescence
The p-STAT3-, CART-, DYN-, and NKB-labeled cells were counted at different levels of the ARC, according to the coordinates of the atlas (39), from 21.82 mm to 22.30 mm from the bregma. The sections were washed, and, after blocking [5% normal horse serum, 0.4% Triton X-100 in tris(hydroxymethyl) aminomethane; pH 7.6], the slices were incubated overnight in different primary antibody combinations: rabbit anti-NKB antibody (1:2500; Bachem, Torrance, CA), guinea pig anti-DYN antibody (1:250; Neuromics, Minneapolis, MN) or rabbit anti-p-STAT3 (1:1000; Cell Signaling Technology, Danvers, MA), and goat anti-CART (1:500; Santa Cruz Biotechnology, Dallas, TX). After the brain sections were washed with phosphate-buffered saline, they were incubated with the following secondary antibodies (Jackson ImmunoResearch, West Grove, PA): biotinylated donkey anti-rabbit (1:500), biotinylated donkey anti-guinea pig (1:500) or Alexa Fluor 594-conjugated donkey anti-rabbit (1:250), and biotinylated donkey anti-goat (1:500). Subsequently, the sections were incubated with streptavidin-conjugated peroxidase (1:250), NKB was labeled using Alexa Fluor 594 conjugated with tyramide (1:1000; Life Technologies, Carlsbad, CA), and DYN and CART were labeled using Alexa Fluor 350 conjugated with tyramide (1:1000; Life Technologies).
The images were digitized, and analysis of immunostaining for CART and p-STAT3 in the ARC was performed using a Zeiss LSM 780 System Axio Observer with an oil immersion 633 objective. A series of 16 individual optical plans of the ARC from each mouse were obtained.
Immunoperoxidase staining
To analyze p-STAT3 expression in the CART neurons, tissue slices were incubated overnight with rabbit anti-p-STAT3 (1:1000; Cell Signaling Technology) and goat anti-CART (1:500; Santa Cruz Biotechnology). After the slices were washed, they were incubated with biotinylated donkey antirabbit (1:250; Jackson ImmunoResearch) and biotinylated donkey anti-goat (1:250; Jackson ImmunoResearch) antibodies. Next, we performed amplification using the avidinbiotin complex 3,3 0 -diaminobenzidine (Vector Laboratories, Burlingame, CA), nickel, and hydrogen peroxide to label p-STAT3, and 3,3 0 -diaminobenzidine with hydrogen peroxide was used to label the CART neurons. The number of p-STAT3-positive cells, CART neurons, and CART/p-STAT3 double-stained cells were counted in the same rostrocaudal level within a constant area using National Institutes of Health ImageJ software, version 1.63.
Kiss1-hrGFP/DYN and Kiss1-hrGFP/NKB colocalization analyses
Images of double-stained neurons were acquired by sequential scanning of each fluorescence channel to minimize possible interference between them and to ensure a reliable quantitative analysis. The colocalization of NKB and Kiss1-hrGFP neurons and that of DYN and Kiss1-hrGFP neurons was examined in a series of 35 individual optical planes of the ARC by calculating Manders colocalization coefficients (40) using National Institutes of Health ImageJ software, version 2.0. This coefficient has been widely used in microscopic analyses and provides an objective metric parameter for most biological colocalization studies (41) . The Manders coefficient for green fluorescent protein (GFP)-DYN/GFP and GFP-NKB/GFP colocalization represents the fraction of pixels in the green channel (GFP) that overlaps with pixels in the blue channel (DYN) or red channel (NKB). Moreover, the Manders coefficient for DYN-GFP/DYN and NKB-GFP/ NKB colocalization represents the fraction of pixels that overlaps in the blue and red channels. The Manders coefficient ranges from 0 to 1 and is independent of the pixel intensity in the individual channels (42) . A constant area at similar hypothalamic levels was used to calculate the Manders colocalization coefficients, M1 and M2, for channels 1 and 2, respectively. The Manders M1 coefficient represents the fraction of green fluorescence (GFP) that overlaps spatially with the immunostaining of DYN or NKB, representing GFP-DYN/GFP or GFP-NKB/GFP, respectively. The Manders M2 coefficient is the fraction of DYN or NKB immunostaining, in blue or red, respectively, that overlaps spatially with the green fluorescence (GFP) and represents DYN-GFP/ DYN or NKB-GFP/NKB, respectively. The spatial overlap between Kiss1-GFP/DYN and Kiss1-GFP/NKB was confirmed by three-dimensional reconstruction using the orthogonal view of images obtained in the Z plane.
Quantitative real-time polymerase chain reaction
Using a stainless steel punch needle 1.5 mm in diameter, microdissections of the ARC and AVPV/Pe were obtained in a cryostat from 0.38 mm to 20.82 mm and from 21.34 mm to 22.70 mm, respectively, from the bregma (39) . The tissue samples were transferred to microtubes containing RNAlater reagent (Ambion, Waltham, MA) and stored at 4°C for a maximum of 24 hours until RNA isolation. Total RNA was isolated from each micropunched hypothalamic sample using a micro-RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The RNA concentration in each sample was determined using an ultraviolet spectrophotometer, and the isolated RNA (250 ng) was used for complementary DNA (cDNA) synthesis using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative real-time polymerase chain reaction (PCR) was performed using an Applied Biosystems 7500 Real-Time PCR system. The TaqMan Gene Expression Assays (Applied Biosystems) used in the present study were Mm03058560_m1 (Kiss1), Mm00457573_m1 (Pdyn), Mm01160362_m1 (Tac2), Mm04210469_m1 (Cartpt), and Mm00435874_m1 (Pomc). Each PCR was performed in triplicate. Water (instead of cDNA) was used as the negative control. A housekeeping gene (b-actin) was run for each cDNA sample. The determination of gene transcript levels of Cartpt and Kiss1 in the ARC was obtained using the double delta cycle threshold ( DD Ct) method, and those of Pomc, Tac2, and Pdyn in the ARC and Kiss1 in the AVPV/Pe were obtained using the relative standard curve method according to amplification efficiency. For each sample, the Ct was determined and normalized to the average level of the housekeeping gene ( D Ct = Ct Unknown 2 Ct Housekeeping gene ). The fold change in mRNA expression in the unknown sample relative to the calibrator group was calculated as 2
DDCt
, where
A housekeeping gene was used to normalize the amount of RNA used in each reaction. To obtain the relative values, described in arbitrary units, we used an appropriate calibrator group as the control to compare the following effects: the effect of leptin; and the effect of a HFD on Cartpt, Pomc, Kiss1, Tac2, and Pdyn mRNA expression in the hypothalamus, and samples from the respective vehicle-treated or respective RD-fed mice were used as calibrators. The data are shown as the relative mRNA expression in arbitrary units.
Statistical analysis
The results are presented as the mean 6 standard error (standard error of the mean). The data were analyzed using Statistica software (StatSoft). Student's t test (age at VO, first estrous, estrous cyclicity onset, body weight at VO, estrous cycle analyses, DYN and NKB immunohistochemical analyses, and mRNA analyses), log-rank test (cumulative percentage of females showing VO, first estrous, and estrous cyclicity onset), repeated measures analysis of variance (ANOVA) (body weight) and two-way ANOVA (immunohistochemical analyses and plasma leptin levels) were used, as appropriate. Two-way ANOVA and repeated measures ANOVA were followed by the Newman-Keuls post-test when the F-value was statistically significant for effects and/or interactions. Differences were considered statistically significant at P , 0.05.
Results
Short-term HFD advances pubertal maturation
Mice fed a HFD displayed increased body weight gain at PN30 (P , 0.05; n = 16 to 18; Fig. 1A ). These mice showed higher plasma leptin levels at PN28 and PN32 compared with those in the RD group (P , 0.05; Fig. 1B) . A higher uterine and ovarian weight (mg/g body weight) were observed in the HFD group compared with those in the RD group (P , 0.05; Fig. 1C and 1D ) at PN28 and PN32.
VO was observed between PN31 and PN44 in the RDfed mice (38 6 0.67 days old). In the HFD-fed mice, VO was observed earlier (P , 0.05; n = 25 to 29), between PN28 and PN37 (32 6 0.53 days old; Fig. 2A and 2D ). Comparing the progression of VO, we observed that 50% of the RD-fed mice displayed VO by PN38 but 50% of the HFD-fed mice displayed VO by PN31 [ Fig. 2D ; x2 (1) = 41.82; P , 0.05; n = 25 to 29].
The HFD also advanced the first estrous (36. https://academic.oup.com/endot (10) = 3.62; P , 0.01; n = 5 to 7; Fig. 2B ]. Fifty percent of the HFD-fed females showed the first estrous by PN36. In contrast, 50% of the RD-fed females showed the first estrous by PN47 [ Fig. 2E ; x2 (1) = 6.21; P , 0.05; n = 5 to 7). The estrous cyclicity onset and estrous cycle length were evaluated to determine the effects of HFD on the completion of pubertal maturation. The onset of cyclicity (age at which the females exhibited the first cycle #6 days) occurred earlier in the HFD-fed mice (44.2 6 1.6 days old) compared with the RD-fed mice (57 6 1.8 days old; P , 0.001; n = 7 to 8; Fig. 2C ). Thus, 50% of the HFD-fed females showed cyclicity until PN44 and 50% the RD-fed females until PN57 [x 2 (1) = 10.28; P , 0.001; n = 7 to 8; Fig. 2F ]. The body weight at VO did not differ between the 2 groups (Fig. 2G) . The RD-fed females exhibited fewer regular estrous cycles between PN40 and PN63 than did the HFD-fed females (P , 0.05; n = 4 to 6; Fig. 2H ). During this period, the RD-fed females spent more time in diestrus (phases I and II) than did the HFD-fed females (P , 0.01; n = 4 to 6; Fig. 2I ). After cyclicity onset, the estrous cycle length was similar between the RD and HFD groups.
HFD does not induce changes in the colocalization rate of either NKB or DYN in Kiss1 neurons
We observed intense immunostaining of NKB (Fig.  3A) and DYN (Fig. 3B ) in the ARC (PN32) of regular and HFD groups and in Kiss1-hrGFP neurons in the same region. The orthogonal view of confocal images confirmed the spatial overlap of Kiss1-hrGFP neurons with NKB (Fig. 4) and DYN (Fig. 5 ) in females during pubertal transition, regardless of diet.
Based on the Manders coefficient, no statistically significant differences (n = 5 to 6) in the fraction of Kiss1-hrGFP that colocalized with NKB (0.626 6 0.013 vs 0.618 6 0.039) and DYN (0.436 6 0.062 vs 0.463 6 0.048) were found between the RD and HFD groups. Similarly, no statistically significant differences were found between the groups in the fraction of NKB (0.571 6 0.040 vs 0.569 6 0.039) and DYN (0.655 6 0.036 vs 0.648 6 0.035) that colocalized with Kiss1-hrGFP. The average fluorescence intensities of immunostaining for DYN and NKB in the ARC did not differ between the RD and HFD groups.
HFD increases leptin-stimulated p-STAT3 in the ARC CART neurons of pubertal mice
We observed CART-immunoreactive fibers in close apposition to the ARC Kiss1-hrGFP neurons (Fig. 6) in the RD and HFD groups. No difference was found in the number of CART-immunoreactive neurons between the groups at PN32 (Fig. 7A) . Leptin stimulation induced greater expression of p-STAT3 in the ARC of the HFD group (P , 0.05; n = 4 to 5) and higher colocalization of p-STAT3 and CART in the HFD group compared with the RD group (P , 0.05; n = 4 to 5; Figs. 6 and 7B and 7C) at PN32.
Effect of HFD on leptin-induced
Cartpt, Pomc, Kiss1, Tac2, and Pdyn mRNA expression in the hypothalamus
The HFD increased (P , 0.05) Cartpt and Pomc expression in the ARC and Kiss1 mRNA expression in the AVPV/Pe in female Kiss1-hrGFP mice at PN32 (Fig. 8A, 8C , and 8E). The HFD did not change the mRNA expression of Kiss1, Tac2, or Pdyn in the ARC at PN32 compared with the RD. Leptin administration increased Kiss1 mRNA expression in the AVPV/ Pe of the RD-fed mice compared with that in the respective vehicle-treated mice (P , 0.05). In the HFD group, leptin increased Kiss1 mRNA expression in the ARC compared with that in the respective vehicle-treated group (P , 0.05). Neither diet nor leptin administration affected the relative Tac2 and Pdyn mRNA expression in the ARC (Fig. 8I-8L ).
Discussion
The present study has shown that short-term HFD-induced early sexual maturation was associated with an increase in leptin-induced p-STAT3 in the CART neurons and an increase in Cartpt and Pomc mRNA in the ARC. These events were associated with an increase in Kiss1 mRNA expression in the AVPV/Pe and could underlie the advanced sexual maturation induced by the HFD.
Complete maturation of the reproductive function in female rodents includes VO, followed by the first ovulation and ovulatory cyclicity attainment (43) . We observed that the HFD advanced the VO, first estrous, and cyclicity compared with the RD in accordance with previous data (1, (44) (45) (46) . Kennedy and Mitra (47) showed that VO in rats was associated with body weight and not age. Our results are in accordance with their pioneer work, because the body weight at VO in the HFD and control groups was similar, suggesting that increased body weight might advance pubertal maturation in female mice. Our data have shown that a short-term HFD can advance, not only VO and first estrous, but also the onset of regular cyclicity, showing that a HFD advances complete sexual maturation in female mice. However, the effect of a HFD might vary according to the species and duration. Also, although short-term exposure to a HFD advances puberty onset, longer exposure to a HFD prolonged estrous cyclicity and the expression of ovulation-related genes in the ovary in adulthood (2, 48, 49) . In female rats, a postweaning HFD was reported to induce irregular estrous cycles (2, 3) . In girls, an earlier age at menarche was associated with an increased body mass index (50); however, the relative risk of infertility was reported to be greater in women with an elevated body mass index at age 18 (51) . Therefore, obesity might have detrimental effects on reproduction in adult women.
The effect of HFD on puberty maturation is potentially associated with high levels of leptin, because daily leptin administration was shown to cause the onset of estrous cyclicity (4). Leptin, whose secretion is augmented with increased body adiposity, stimulates the HPG axis, acting as a permissive factor to puberty onset in both humans and experimental models (4, (52) (53) (54) . We observed that early VO in the HFD group was associated with increased body weight gain and high plasma leptin concentrations, consistent with the results demonstrated by Li et al. (45) in rats, reinforcing the idea that this adipokine might modulate puberty onset. In a fasting state, leptin acts through its LepRb receptors to increase luteinizing hormone release in both males and females in different species, including humans (15, 34, (55) (56) (57) . Leptin modulates the gonadal axis through GnRH release; however, this effect appears to be indirect, because GnRH neurons do not express leptin receptors (58, 59) .
The direct effect of leptin on Kiss1 neurons has been debated (24, 25, 60, 61) . However, a study using a mouse model showed that LepR signaling in Kiss1 neurons is present only after sexual maturation (37); thus, before puberty initiation, the effects of leptin on Kiss1 neurons occur indirectly through other neurons. Low colocalization of LepRb was observed in Kiss1 neurons in the ARC (5% to 6%), reinforcing that leptin acts indirectly on kisspeptin neurons. Studies using molecular tracers have demonstrated that LepRb-expressing neurons project directly to Kiss1 neurons in the ARC and AVPV (26) . Therefore, leptin might modulate Kiss1 neuronal function via an upstream pathway. The role of the melanocortin system has been investigated by other groups (29, 62, 63) ; however, studies have demonstrated that the effect of leptin in pubertal maturation does not require the melanocortin system (64) . Thus, we investigated whether the effects of leptin on Kiss1 neurons are mediated indirectly by neuropeptides coexpressed in leptin-responsive melanocortin populations (i.e., CART). In the present study, we have shown that during pubertal transition, leptin induced phosphorylation of STAT3 in CART neurons in the ARC in both control and HFD-fed mice. An increase in the number of p-STAT3-positive cells and a higher number of CART neurons expressing p-STAT3 after leptin stimulation in the HFD group were found. These data indicate a greater responsiveness to leptin in the ARC of the HFDfed female mice during pubertal development. The expression of LepR in the hypothalamus increases from the neonatal stage to adulthood (65) (66) (67) . In contrast, this expression was not changed by consumption of a HFD during puberty (68) . The duration of exposure to a HFD has an effect on LepR expression in the hypothalamus, remaining unchanged after short-term exposure (2 weeks) (69) but increasing after 8 weeks and decreasing after 19 weeks of exposure to a HFD (70) . Therefore, changes in LepR expression are unlikely to underlie the increased responsiveness to leptin in the ARC induced by HFD, as observed in the present study.
Our findings have shown that a short-term HFD regimen in the prepubertal period increases CART and POMC expression in the ARC. In adult male mice, the administration of the HFD for 2 weeks did not alter CART levels in the ARC (71) . In contrast, the CART levels increased after 3 weeks (72) . The increased CART levels in the ARC of the HFD group might be related to the increased plasma leptin levels (72) . It is well-established that leptin stimulates POMC/CART neurons in the ARC (10, 73) and that these neurons innervate the Kiss1 neurons in the ARC and AVPV (36) . Recently, it was demonstrated that a-melanocytestimulating hormone, which is derived from POMC cleavage, mediates the leptin effects on pubertal maturation through ARC Kiss1 neurons (29) . Furthermore, CART was shown to augment the action potential of Kiss1 neurons (36) and to increase the frequency and amplitude of GnRH pulses. This effect is abolished by CART antiserum in prepubertal (74) or cycling female rats (34) . CART neurons in the ARC also project to GnRH neurons (36) ; thus, the effect of leptin on the reproductive axis could also occur through these neurons. We also observed close appositions of CART fibers to Kiss1-hrGFP neurons in the ARC. We did not assess the origin of these CART projections; however, True et al. (36) demonstrated in adult female rats that 40% of the AVPV Kiss peptidergic neurons and 65% of the ARC receive CART innervation, with a large proportion of these fibers coming from the ARC. Thus, it is conceivable that a HFD increases body weight and leptin levels, leading to an increase in CART expression in the ARC, and this increase could stimulate Kiss1 neurons in the ARC and AVPV/Pe, thereby advancing puberty onset in female mice. However, the lack of data demonstrating the required and sufficiency of leptin-CART neuron activation for the puberty advance induced by HFD was a limitation of the present study. Postweaning long-term exposure to HFD in mice was associated with a decrease in aromatase mRNA and an increase in Cartpt mRNA expression in the ovary granulosa cells, and these effects were also observed with leptin stimulation (75) . Collectively, these data emphasize the interaction of leptin and CART in the function of the female reproductive axis with consumption of a HFD at both the central and the peripheral level. The advancement of puberty onset in the HFD-fed mice was associated with an increase in Kiss1 mRNA in the AVPV/Pe, and this result agrees with previous reports demonstrating an increase in Kiss1 expression in the AVPV/Pe during pubertal transition in female mice (45, 76) . In contrast to the ARC, kisspeptin neurons in the AVPV do not express LepR; therefore, leptin is unable to act directly on the Kiss1 neurons in this region (26, 37, 77) , as we did not observe p-STAT3 in these neurons after leptin stimulation. Estradiol is known to stimulate Kiss1 expression in the AVPV (78, 79) ; therefore, the increase in Kiss1 expression in the AVPV found in the HFD group might be associated with the effect of estradiol owing to the early activation of puberty. The participation of CART in increasing Kiss1 expression in the AVPV in the advancement of puberty elicited by HFD remains to be established.
We observed colocalization of NKB and DYN in the Kiss-hrGFP neurons in the ARC, in accordance with previous data from mice (23, 80) . The role of NKB on pubertal development and sexual maturation is wellestablished, as demonstrated by the hypogonadotropic hypogonadism in humans in the presence of TAC3 and TACR3 gene mutations (81) . Similarly, Tac2-knockout female mice display delayed sexual maturation (82) . A progressive increase in Tac2 gene expression in the ARC has been observed from juvenile to pubertal and adult female mice (from PN10 to PN45 or PN60) (83) . The absence of changes in Tac2 mRNA expression in the ARC between the RD and HFD groups observed in the present study can be explained by the progressive increase in the expression of this gene that might occur during the transition to puberty in the control mice. This assumption was reinforced by the results in female rats reported by Li et al. (45) , who showed an advanced VO induced by a HFD (at a mean age of 34 days) compared with that in the controls (at a mean age of 40 days) and increased Tac2 mRNA expression in the ARC of the HFD group at PN28. However, this difference was not seen at PN32 or PN36. In the present study, no change in Pdyn mRNA expression in the ARC of HFD-fed mice was observed. In contrast to the variation in NKB expression in the ARC, the influence of energy homoeostasis in DYN expression in the ARC of female mice is not established and will require further investigation.
In conclusion, we have demonstrated that early puberty induced by a short-term HFD in female mice is associated with higher leptin levels and increased sensitivity of the ARC CART neurons to leptin. Whether the increase in the expression of Kiss1 in the AVPV/Pe is an effect of CART neuronal stimulation or is an expected response to estradiol requires further investigation. Our findings have reaffirmed the key role of kisspeptin in sexual maturation and highlight the role of CART as a player in the multifactorial intricate mechanism of puberty onset in female mice.
